Alcohol dependence is associated with impaired control over emotionally motivated actions, possibly associated with abnormalities in the frontoparietal executive control network and midbrain nodes of the reward network associated with automatic attention. To identify differences in the neural response to alcohol-related word stimuli, 26 chronic alcoholics (ALC) and 26 healthy controls (CTL) performed an alcohol-emotion Stroop Match-to-Sample task during functional MR imaging. Stroop contrasts were modeled for color-word incongruency (eg, word RED printed in green) and for alcohol (eg, BEER), positive (eg, HAPPY) and negative (eg, MAD) emotional word content relative to congruent word conditions (eg, word RED printed in red). During color-Stroop processing, ALC and CTL showed similar left dorsolateral prefrontal activation, and CTL, but not ALC, deactivated posterior cingulate cortex/cuneus. An interaction revealed a dissociation between alcohol-word and color-word Stroop processing: ALC activated midbrain and parahippocampal regions more than CTL when processing alcohol-word relative to color-word conditions. In ALC, the midbrain region was also invoked by negative emotional Stroop words thereby showing significant overlap of this midbrain activation for alcohol-related and negative emotional processing. Enhanced midbrain activation to alcohol-related words suggests neuroadaptation of dopaminergic midbrain systems. We speculate that such tuning is normally associated with behavioral conditioning to optimize responses but here contributed to automatic bias to alcohol-related stimuli.
INTRODUCTION
Deficits in processing emotion and in controlling impulsivity are frequently observed in alcoholics (ALC) (Clark et al, 2007; Foisy et al, 2007 , Maurage et al, 2011 Montagne et al, 2006; Oscar-Berman et al, 1990; Salloum et al, 2007; Townshend and Duka, 2003) , suggesting that specific abnormalities in the structure and function of neural networks that regulate emotion are compromised (Phillips et al, 2008; Schulte et al, 2010) . Emotion and reward systems closely interact (Morrison and Salzman, 2009 ). In ALC, for example, anxiety ratings correlated with parahippocampal activation to emotionally negative images, but this association was absent when negative emotion and alcohol stimuli were presented together suggesting that alcohol cues can modulate cortical networks and decrease responsiveness to negative emotion .
Neuroanatomically, the reinforcing and rewarding alcohol effects are transmitted via dopaminergic and glutamatergic projections in the mesolimbic corticostriatal system, which originates in midbrain nodes and connects to the limbic system via the nucleus accumbens, amygdala, and hippocampus, and to the medial prefrontal cortex (Berridge and Robinson, 2003; Di Chiara, 2002) . Several brain areas associated with emotional dysfunction are affected in ALC (Gainotti, 2001; Oscar-Berman and Bowirrat, 2005; Sinha and Li, 2007) , including the limbic system (Beresford et al, 2006; Glahn et al, 2007; Grüsser et al, 2004; Schneider et al, 2001) , frontal cortices (Mann et al, 2001; Oscar-Berman, 2000; Pfefferbaum et al, 1997; Sullivan et al, 2000) , cerebellum (Phillips et al, 1987; Schneider et al, 2001; Sullivan et al, 2000 Sullivan et al, , 2003 , and dopamine-rich basal ganglia (De Rosa et al, 2004; Sullivan et al, 2005) . Alcohol abuse further affects components of selective attention and executive control (Evert and OscarBerman, 2001; Müller-Oehring et al, 2009; Schulte et al, 2005; , mediated predominantly by cortical networks involving parietal (Fein and Chang, 2006; Schulte et al, 2005) and frontal association areas and the anterior cingulum (Bush et al, 2000; Devinsky et al, 1995; Le Berre et al, 2012) .
Recent research is focusing on the disruption of neural connectivity of the brain circuits that regulate executive control in alcoholism (Schulte et al, 2012) and interact with emotion processing (O'Daly et al, 2012). Selective brain systems involving corticostriatal brain pathways have a crucial role in a tendency to experience negative emotion in alcoholism Wrase et al, 2008; Marinkovic et al, 2009; Oberlin et al, 2012; Schulte et al, 2010; Vollstädt-Klein et al, 2012) . In a functional neuoimaging study, we elucidated abnormalities in the frontoparietal attention and executive control network in alcohol dependence, and in midbrain nodes of the reward network associated with automatic attention functions (Schulte et al, 2012) . Although it can be assumed that words connoting alcohol gain emotional relevance with continued alcohol abuse and can automatically capture attention (Field et al, 2012) , it remains elusive whether such implicit attentional bias to alcohol-related stimuli is processed in different or overlapping neural networks relative to emotional stimuli engaging the limbic system (Fitzgerald et al, 2006; .
To further understanding about the interplay between frontoparietal executive control and midbrain-based reward networks in chronic alcoholism for the regulation of alcohol-and emotion-related interference, we developed an alcohol-emotion Stroop Match-to-Sample task for use in functional magnetic resonance imaging (fMRI) paradigms. Our task, which requires subjects to match the color of a cue to that of a word, recently showed that patients with alcoholism have greater difficulty than controls (CTL) in resolving conflict arising from emotional words (Schulte et al, 2011) similar to the observed attentional bias to alcohol words (Field et al, 2012; Johnsen et al, 1994) . The overarching hypothesis of the current study is that chronic alcohol consumption compromises neural regulation of prefrontal monitoring and midbrain reward mechanisms within the mesocorticolimbic system. This compromise may lead to a better understanding of the neural substrates of alcohol cue-related behavior and relapse in abstinent ALC. Specifically, we tested the hypotheses that in ALC, alcohol words would automatically capture attention and induce interference as do emotional words, and that reward-related mesocorticolimbic midbrain regions would modulate frontoparietal attention and executive control systems in ALC differently from that in CTL while processing interference from alcohol and emotion words in a Stroop task.
MATERIALS AND METHODS

Participants
Groups were comprised of 26 abstinent alcoholic men and 26 age-matched control men and women. ALC were recruited from local rehabilitation programs; CTL were volunteers from the local community. All subjects were screened with the Structural Clinical Interview for DSM-IV (American Psychiatric Association, 2000) and a clinical examination to rule out other Axis I diagnoses or non-alcohol substance abuse. In the alcoholic group, 25 participants met DSM-IV criteria for alcohol dependence and 1 participant met criteria for alcohol abuse. Of those meeting dependence criteria, 24 were in early remission (met criteria within the past 12 months), whereas 1 was in sustained remission (412 months). The median number of weeks since ALC last met dependence criteria was 17 weeks (mean ¼ 16.0 weeks, SD ¼ 12.8 weeks). The median age of alcoholism onset was 25 years (mean ¼ 29.1, SD ¼ 13.6). In all, 46% of ALC and 0% of CTL met DSM-IV dependence for any type of drug dependence. The most common type of drug dependence among ALC was cocaine (endorsed by 31% of ALC), and the median number of year since last used cocaine was 1.3 years (mean ¼ 9.5 years, SD ¼ 10 years, range ¼ 0.5-11.5 years). Other types of drug dependency were amphetamines in 12% and opiods in 12% of ALC. The median number of years since last used amphetamines was 6.5 years (mean ¼ 6 years, SD ¼ 5.5 years, range ¼ 0.5-24.5 years), and for opiods 2 years (mean ¼ 10 years, SD ¼ 14.75 years, range ¼ 1.2-27 years). In no case was drug dependence more recent than alcohol dependence. Significantly, more ALC met DSM-IV criteria for nicotine dependence (54% current smokers, 23% past smokers) than did CTL (12% current smokers), w 2 (2) ¼ 23.08, P ¼ 0.0001 (Fisher's exact test). Subject groups matched in age and handedness (Table 1) , and did not differ in visual acuity (t ¼ 1.01, P ¼ 0.32), body mass index (CTL: 27±4; ALC: 27±6; t ¼ 0.00, P ¼ 0.99), and physiological measures such as heart rate (CTL: 72 ± 12; ALC: 77 ± 11; t ¼ À 1.59, P ¼ 0.12) and blood pressure (systolic CTL: 126±14; ALC: 128±18; t ¼ À 0.39, P ¼ 0.7; diastolic CTL: 73 ± 7; ALC: 76 ± 12;
Groups differed in questionnaire-based mood characteristics; compared with CTL, ALC had higher depressive symptoms (BDI-II, Beck et al, 1996 ; t ¼ 4.99, Po0.0001), trait anxiety (STAI-T; Spielberger et al, 1983; t ¼ 4.19, Po0.0001) , and state anxiety scores (STAI-S; t ¼ 2.27, P ¼ 0.028; Table 1 ). Although both groups had an average education beyond high school level, CTL had significantly more years of education than ALC (Table 1 ).
All participants gave written informed consent to participate in this study, which was approved by the Institutional Review Boards at SRI International and Stanford University School of Medicine.
Stimuli and Experimental Design
Study participants underwent cognitive testing and additional behavioral testing during fMRI image acquisition. Structural and functional MR imaging data were acquired using a clinical whole-body GE 3T scanner. Using a backprojection system during the fMRI session, participants viewed stimuli on a mirror attached to the head coil.
Alcohol and emotion Stroop match-to-sample task. Stimuli were created and presented with PsyScope software (Cohen et al, 1993) and were synchronized with magnetic resonance imaging (MRI) acquisition via the fORB system interface (http://www.curdes.com). Subjects matched the color of a cue stimulus displayed for 700 ms in the center of the screen to the color of a Stroop target stimulus that appeared for 700 ms after a color mask, consisting of a gray patch, that was presented for 700 ms between cue and target. Cue and target colors were red, green, or blue. Total trial duration was 4.4 s including inter-stimulus intervals of 300-700 ms between color cue, mask, and Stroop target. The color cue either matched or did not match the color of the Stroop target, which was either congruent (word BLUE written in blue font color) or incongruent (word BLUE written in red font color). Incongruent Stroop words were color words (RED, GREEN, BLUE), alcohol words (eg, WINE, BEER, WHISKEY), and emotionally positive (eg, HAPPY, JOY) and negative words (eg, MAD, ANGRY) printed in green, red, or blue front color ( Figure 1 ). The Stroop effect is defined as the difference in reaction time (RT) to incongruent and congruent stimuli. For incongruent-nonmatch color-Stroop conditions, the cue color always matched the word content (eg, red cue, word RED written in green font color) (Schulte et al, 2005 (Schulte et al, , 2008 (Schulte et al, , 2011 (Schulte et al, , 2012 .
Subjects pressed a YES key for cue-target color matches and a NO key for nonmatches using their dominant hand, yielding accuracy and RT measures. To test the effect of repetitive behavior on cognitive control and conflict resolution, we presented trials in two block types: mixed and same response blocks (Figure 1 ). In mixed response blocks, both match and nonmatch trials were presented and required switching between YES and NO responses, whereas same response blocks contained either match (YES responses) or nonmatch trials (NO responses) and did not require response switches. To quantify Stroop effects within a block design, incongruent and congruent trials were never mixed within a block. Mixed response and same response blocks comprised the same number of trials. Total number of trials was 60 per run. Two runs were presented with 15 blocks each (block ¼ 8 TRs; TR ¼ 2.2 s). Test instructions were reviewed with the subject in a practice session before entering the scanner and again through the scanner's intercom system before each run. Subjects had a short break between run 1 and run 2, but remained in the scanner.
MRI
Data acquisition and analyses. Whole-brain structural and functional MRI data were acquired with an 8-channel head coil at a 3T GE whole-body scanner. Subject motion was minimized by following best practices for head fixation, and structural image series were inspected for residual motion. Whole-brain fMRI data were acquired with a T2*-weighted gradient echo planar pulse sequence (2D axial, TE ¼ 30 ms; TR ¼ 2200 ms; flip angle ¼ 901; in plane resolution ¼ 3.75 mm; thick ¼ 5 mm; skip ¼ 0 mm; locations ¼ 36; FOV ¼ 240 mm; 1 NEX). The start of the scan was triggered automatically from PsyScope software. Test instructions were reviewed with the subject by the examiner via the scanner intercom system before the onset of each run. A dual-echo FSE (2D axial; TR ¼ 5000 ms; TE ¼ 17/102 ms; thick ¼ 5 mm; skip ¼ 0 mm mm; xy matrix ¼ 256; flip angle ¼ 901; locations ¼ 36; FOV ¼ 240 mm; 1 NEX) was used for spatially registering the fMRI data. A field map for correction of spatial distortions in the echo-planar images was generated from a gradientrecalled echo sequence pair (TR ¼ 460 ms, TE ¼ 3/5 ms, thickness ¼ 5 mm, skip ¼ 0 mm, locations ¼ 36).
Image preprocessing and statistical analyses were performed using the SPM8 software package (Wellcome Department of Cognitive Neurology). The fMRI analysis focused on the whole brain. The functional images were subjected to geometric distortion (field map) correction and motion correction. The FSE structural images were One control woman reported no alcohol consumption during the last 40 years (14651days), and as an outlier was not included in calculation of the control group's mean ± SD (range) for 'days since last drink'.
Significance level at Po0.05.
Italic values are P.
co-registered to the mean unwarped and motion-corrected functional image for each subject and segmented into gray and white matter images. Functional and structural gray matter images were normalized to Montreal Neurological Institute space, and volumes were smoothed with a Gaussian kernel of 8 mm (FWHM). Individual statistics were computed using a general linear model approach (Friston et al, 1995) as implemented in SPM8. Statistical preprocessing consisted of high-pass filtering at 88 s, lowpass filtering through convolution with the canonical hemodynamic response function, and global scaling. A random effects analysis was conducted for group averaging and population inference. One image per contrast was computed for each subject from a design matrix that included estimated individual movement parameters as regressors in addition to Stroop task conditions as explanatory variables. Stroop contrasts of interest were Color Stroop derived by contrasting 'INC4CON' conditions, Alcohol Stroop derived by contrasting 'Alc4CON' conditions, Postitive-Emotion Stroop derived by contrasting 'Emo þ 4CON' conditions, and Negative-Emotion Stroop derived by contrasting 'Emo À 4CON' conditions computed for response repetition and response switching conditions (see Figure 1) . For second-level group analyses, these Stroop contrast images were subjected to a factorial model involving two factors: Group (ALC vs CTL) and Stroop (color, alcohol, positive-emotion, negative-emotion). The second-level factorial model allows analysis of group and condition main effects and interactions, and conjunction analyses to identify areas of spatial overlap between the statistical maps from the two groups (Friston et al, 2005; Nichols et al, 2005) . For functional connectivity analysis, the 'conn' toolbox was used as implemented SPM8. Seed-to-voxel connectivity maps for each group were derived via individual time series correlations of activity over 244 time points, an index of synchronous activity. Analyses thresholds were set at P FDR corrected o0.05 for combined spatial extent and peak intensity (Poline et al, 1997) .
Statistical Analyses
For behavioral data analysis, repeated-measures analysis of variance tested for group effects (ALC, CTL) as betweensubjects factor and to test for Stroop effects (incongruent/ congruent), color match effects (nonmatch/match), and response block effects (mix/same) as within-subject factors. To examine the relationships predicted between task-related functional regional brain activation and behavioral measures of Stroop performance, we used two-tailed Pearson correlations in each group separately. One-tailed Pearson correlation tested directional hypotheses on the effects of lifetime alcohol consumption on behavior and brain function. The alpha level was set to 0.05 for all statistical tests, including hypotheses-driven analyses of structurefunction relationships. FDR corrected P levels were applied for multiple comparisons where applicable (Benjamini et al, 2001) . 
RESULTS
Behavioral Results: Stroop Match-to-Sample Task RT and accuracy. Groups did not differ in processing speed (RTs; ALC 781±149 ms; CTL 757±134 ms; t(50) ¼ 0.61, ns) or accuracy (number of errors; ALC 3 ± 2.4; CTL 3 ± 2.1; t(50) ¼ 0.19, ns). With an average error rate of 2.5% (3 out of 120 trials), the number of errors was low in each group precluding further error analysis. In neither group were speed and accuracy correlated significantly (ALC r ¼ À 0.06, ns; CTL r ¼ 0.25, ns), which reflects the absence of a speed-accuracy trade-off.
Stroop effects. Analysis of variance for each Stroop effect with color cueing (match, nonmatch) and response block (repetition, switching) as within-subject factors and group (ALC, CTL) as between-subjects factor were conducted. Overall, Stroop effects did not differ between groups (Table 2) . A trend for greater color Stroop effects (INC, CON) was observed in ALC than CTL, specifically for color Stroop during response repetition.
Group Differences in Stroop Task-related Brain Activity
Significant group-by-condition interactions were observed for alcohol Stroop and for positive-emotion Stroop (Table 3C ), demonstrating that (a) ALC activated midbrain and parahippocampal brain regions more than CTL when processing alcohol Stroop (Alc vs CON) relative to color Stroop (INC vs CON) (Figure 2a) , and (b) ALC activated dorsolateral prefrontal cortex (DLPFC) regions less than CTL when processing positive-emotion Stroop (Emo þ vs CON) relative to color Stroop (INC vs CON; Figure 2a ). In ALC, low DLPFC activation was further modulated by current smoking: smoking status (no, past, current smoker) affected DLPFC activity during positive-emotion processing (ANCOVA, F(223) ¼ 3.81, P ¼ 0.037). Here, post-hoc LSD analysis showed significantly lower DLPFC activity in current smokers than non-smokers (P ¼ 0.02), and a trend for lower DLPFC activity in current compared with past smokers (P ¼ 0.076), whereas non-smokers and past smokers did not differ (P ¼ 0.59). Using education or SES as covariate did not significantly change the results.
Follow-up analysis on similarities and differences between study groups for each Stroop condition revealed for color Stroop: an overlap in DLPFC activity, for alcohol Stroop: greater midbrain and parahippocampal activity in ALC than CTL, and for positive-emotion Stroop: greater left DLPFC activity in CTL than ALC (Table 3b) Negative-emotion Stroop. Processing negative-emotion relative to congruent Stroop words activated a cerebellarmidbrain cluster. In CTL, however, brain activity to negativeemotion words did not differ from that to congruent color words. ALC activated midbrain and parahippocampal gyri, and deactivated pre-and postcentral gyri. A conjunction analysis in ALC comparing 'alcohol Stroop' and 'negative-emotion Stroop' activity revealed significant overlap of activation and deactivation patterns in midbrain, hippocampal, motor, and somatosensory regions (Supplementary Table 1 ).
Positive-emotion Stroop. When processing positiveemotion words relative to congruent words, CTL activated the left DLPFC. In ALC, processing positive-emotion words did not invoke significantly different activity from processing congruent color words (Supplementary Table 1 ).
Functional Brain Networks
To study the functional networks of midbrain and left DLPFC regions showing group-by-Stroop interactions, we used task-related functional connectivity analysis testing synchronous activation patterns between the seed region and voxels in the whole brain (see Table 3 , Figure 2 ).
Midbrain seed. Compared with CTL, ALC showed significantly less midbrain-frontal connectivity and more midbrain connectivity to thalamic and cerebellar regions (Table 4 , Figure 2b ). Functional midbrain connectivity to left lingual and right parahippocampal and middle temporal gyri overlapped in ALC and CTL. Left DLPFC seed. In general, ALC and CTL showed overlapping functional connectivity to lateral frontoparietal regions of both hemispheres and to right cerebellar Crus1 and Crus2. Compared with CTL, ALC showed less synchronous activity with left anterior cingulate and inferior frontal cortices, and a left anterior cerebellum cluster (region 4,5) extending into the right Crus1. At the same time, ALC showed more synchronous activity to a left insula cluster that extended into middle frontal and medial temporal gyri (Figure 2b , Table 4 ).
Correlation between ROI Activity, Independent Emotion Measures, and Craving Scores
Higher trait anxiety scores correlated with greater midbrain and parahippocampal activity during Stroop conditions involving alcohol (midbrain: r ¼ 0.56, P FDR-corrected ¼ 0.002; parahipp: r ¼ 0.48, P FDR-corrected ¼ 0.007), negative emotion (midbrain: r ¼ 0.65, P FDR-corrected o0.0001; parahipp: r ¼ 0.60, P FDR-corrected ¼ 0.001), and positive emotion (midbrain: r ¼ 0.55, P FDR-corrected ¼ 0.002; parahipp: r ¼ 0.52, P ¼ 0.004). Higher trait anxiety scores in ALC further correlated with lower left DLPFC activity during positive-emotion Stroop (lDLPFC: r ¼ À 0.51, P FDR-corrected ¼ 0.005) and alcohol Stroop (lDLPFC: r ¼ À 0.38, P FDR-corrected ¼ 0.03). There were no significant relations between ROI activity and depression and anxiety scores in control subjects (all P's 40.05). Lower midbrain activity during emotionally neutral color Stroop in ALC correlated with higher depressive symptoms (BDI-II; r ¼ À 0.46, P uncorrected ¼ 0.012) and trait anxiety (STAI-T; r ¼ À 0.37, P FDR-corrected ¼ 0.034) scores. Higher alcohol craving scores in ALC correlated with greater behavioral alcohol Stroop effects (r ¼ 0.50, P FDRcorrected ¼ 0.007), higher parahippocampal activity during alcohol Stroop processing (r ¼ 0.39, P uncorrected ¼ 0.025), and lower lDLPFC activity during positive-emotion Stroop processing (r ¼ À 0.45, P FDR-corrected ¼ 0.011), but not in CTL (all P40.05).
DISCUSSION
Our study provides evidence that chronic ALC differ from CTL in activation of frontoparietal executive control and midbrain-based reward networks. Priming these functions by using a novel alcohol-emotion Stroop paradigm, we found interference from both incongruent color words and from alcohol words. Behavioral Stroop effects, however, were not forthcoming for emotional words. ALC had, as a trend, greater Stroop effects for color words than CTL, and showed significantly greater color Stroop effects for response-repetition conditions. Similar to previous findings (Schulte et al, 2012) , and in contrast to CTL, ALC did not profit from repetition priming when resolving Stroop color-word conflict.
Our functional neuroimaging data revealed the expected frontoparietal activation pattern during color Stroop processing in both groups. Most importantly, group differences emerged for midbrain activation patterns when comparing alcohol Stroop to color Stroop processing, and for left DLPFC activity when comparing positive-emotion Stroop with color Stroop processing. Here, ALC showed Abbreviations: ACC, anterior cingulate cortex; ALC, alcoholic; CTL, control; lDLPFC, left dorsolateral prefrontal cortex. Thresholds for group effects and interactions were set at P FDR-corrected o0.05 for the whole brain (combined height and extent threshold; Poline et al, 1997) ; for group similarities, the peak threshold was set at P FWE-corrected o0.05 for the whole brain.
more midbrain activation during alcohol-related word Stroop and less DLPFC activation during positive-emotion word processing than CTL. Although repeated exposure to alcohol leads to a decrease in dopamine release in the nucleus accumbens and striatum (Martinez et al, 2005; Volkow et al, 2007) , we speculate that the enhanced midbrain/parahippocampal activation to alcohol-related words suggests neuroadaptations of dopaminergic midbrain systems Perra et al, 2011) . Such tuning is normally associated with behavioral conditioning to optimize responses, but here it contributed to automatic bias to alcohol-related stimuli. This is consistent with a recent meta-analysis of fMRI studies on alcohol cue reactivity indicating engagement of ventral striatal and prefrontal regions to alcohol cue exposure (Schacht et al, 2013) . These neural patterns may have a key role in the emotional misbalance and feelings of anxiety that can drive alcohol use and serve as risk factors for relapse (Koob and Volkow, 2010) . Midbrain responsiveness to emotion and alcohol-related word challenge, in contrast to cognitive challenge, may characterize the individual's degree of neural dysregulation and vulnerability for emotional disturbance and alcohol addiction. Dampened prefrontal activations have been previously associated with poor response inhibition in the development of alcohol dependence (Courtney et al, 2012) . Recent imaging studies provided convergent evidence by showing less anterior cingulate activation during simple decoding of negative emotional facial expressions in ALC than CTL (Salloum et al, 2007) . The low prefrontal activation to positive emotional content in the ALC relative to CTL in our study adds to these findings and suggests downregulation of the frontal monitoring system responsiveness, even for positive-emotion. In addition, current smoking was associated with lower activation in this downregulation, demonstrating the adverse interactive effects of alcoholism and smoking on prefrontal responsiveness to positiveemotion. Thus, substantial diagnosis-specific differences occurred in the neural midbrain-frontal substrates for emotional and alcohol-related word processing.
Brain activity to alcohol-related word and emotionspecific word challenge in ALC correlated with independent questionnaire-based emotion measures. ALC with higher trait anxiety scores activated midbrain and parahippocampal regions more during alcohol-related word and emotion Stroop processing, but not during color Stroop processing, than ALC with lower trait anxiety scores. Higher trait anxiety in ALC was further associated with lower left DLPFC activity during positive-emotion Stroop and alcohol-related word Stroop processing. The opposite relationship was observed for the relative low midbrain activity in ALC during emotionally neutral color Stroop processing. Midbrain activity correlated with higher depressive symptoms and trait anxiety scores, possibly reflecting an altered balance in chronic ALC within a complex midbrainfrontostriatal adaptation network involved in emotion and reward regulation (Colibazzi et al, 2010; Golkar et al, 2012) . In addition, higher alcohol craving in abstinent ALC correlated with higher parahippocampal activity during alcohol-Stroop and lower DLPFC activity during positive-emotion processing. Consistent with previous findings (Heinz et al, 2007 (Heinz et al, , 2010 , such alcohol-and emotion-specific activation patterns may pertain to relapse risk prediction.
Together, our findings demonstrated diagnosis-specific differences with lower DLPFC activation indicating reduced neural response to processing positive-emotional content, and greater midbrain and parahippocampal activation in ALC than CTL when processing alcohol-related words relative to color words. Here, a significant overlap of the midbrain activation was observed for alcohol-related and negative-emotion processing in ALC. Thus, in ALC the mesolimbic corticostriatal adaptive neural 'alarm' system for rapid alerting (Liddell et al, 2005) is not only responding more to sources of high emotional relevance but also to alcohol-related stimuli. This is consistent with the hypothesis that alcohol-related stimuli gain emotional relevance with continued alcohol use. In addition, compared with CTL, functional midbrain connectivity in ALC was lower in prefrontal cortices involved in emotion regulation and was more to caudate, thalamus, and cerebellar regions involved in valence and arousal dimensions of emotions, appetitive experiences, and cue-induced craving. This pattern provides evidence for an alcohol cue-induced deregulation of midbrain-based mesolimbic corticostriatal circuitry for reward and emotion regulation in abstinent ALC and may delineate the neural underpinnings for the risk of relapse when confronted with individual relevant alcohol cues or negative emotions.
